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Although observations made with the CoGeNT and CDMS experiments have been interpreted as
possible signals of low-mass (∼7-10 GeV) dark matter particles, constraints from the XENON100
collaboration appear to be incompatible with this hypothesis, at least at face value. In this paper,
we revisit XENON100’s constraint on dark matter in this mass range, and consider how various un-
certainties and assumptions made might alter this conclusion. We also note that while XENON100’s
two nuclear recoil candidates each exhibit very low ratios of ionization-to-scintillation signals, mak-
ing them difficult to attribute to known electronic or neutron backgrounds, they are consistent with
originating from dark matter particles in the mass range favored by CoGeNT and CDMS. We argue
that with lower, but not implausible, values for the relative scintillation efficiency of liquid xenon
(Leff), and the suppression of the scintillation signal in liquid xenon at XENON100’s electric field
(Snr), these two events could consistently arise from dark matter particles with a mass and cross
section in the range favored by CoGeNT and CDMS. If this interpretation is correct, we predict
that the LUX experiment, with a significantly higher light yield than XENON100, should observe
dark matter induced events at an observable rate of ∼3-24 per month.
PACS numbers: 95.36.+x; FERMILAB-PUB-13-188-A
I. INTRODUCTION
Over the past few years, a number of direct detection
experiments have presented results that can be inter-
preted as signals of low-mass dark matter particles. In
particular, the CoGeNT collaboration has reported an
excess of low-energy events [1] which, after accounting
for surface events and other backgrounds, favors a dark
matter particle with a mass of mDM ' 6.5-10 GeV and
a spin-independent elastic scattering cross section with
nucleons of σSI ' (2 − 6) × 10−41 cm2 [2, 3]. The Co-
GeNT collaboration has also reported possible evidence
for an annual variation in their rate, although with only
modest statistical significance [4] (see also Refs. [5–9]).
More recently, the CDMS collaboration has reinvigo-
rated interest in the CoGeNT excess by reporting the
observation of three nuclear recoil-like events in their sil-
icon detectors. The silicon analysis of the CDMS collab-
oration favors a dark matter interpretation over known-
backgrounds at the 99.81% confidence level (correspond-
ing to slightly more than 3σ significance), with a best fit
corresponding to mDM = 8.6 GeV, σSI = 1.9 × 10−41
cm2 [10], very near the values implied by CoGeNT.
CDMS’ silicon events represent the first instance in which
a “zero-background” experiment has reported a statisti-
cally significant excess of events that could be possibly
interpreted as a signal of dark matter.
At very low energies, the CDMS experiment is no
longer background-free. Although no low-energy (<∼ 7
keV) silicon data has been presented, the CDMS col-
laboration has published an analysis of their low-energy
germanium detectors [11]. Citing challenges in distin-
guishing low-energy nuclear recoil events from surface
events, zero-charge events, and electron recoil events, the
CDMS collaboration has simply derived a conservative
upper limit on the dark matter’s elastic scattering cross
section, assuming that all of the events in their nuclear
recoil band are nuclear recoils. The CDMS collabora-
tion has suggested, however, that most of these events
could be plausibly attributed to their zero-charge back-
ground [11].
Making use of this same data set, Collar and Fields
performed an independent likelihood analysis of CDMS’
low-energy germanium events [12]. Using the high-energy
(>∼ 6 keV) component of the zero-charge event popu-
lation to constrain the distribution of such events at
lower energies, they found that low-energy zero-charge
events could not account for the rate observed in the
nuclear recoil band.1 Instead, they find a strong sta-
tistical preference (5.7σ) for a nuclear recoil component
(relative to the background model). Interpreted as dark
matter scattering, this event population favors a mass of
mDM ' 7-10 GeV and an elastic scattering cross section
of σSI ' (0.6− 6)× 10−41 cm2 [12].
In Fig. 1, we show the regions of the dark matter pa-
rameter space that are favored by these three potential
signals. Encouragingly, they are each consistent with
arising from a mDM ' 7-10 GeV particle, scattering
with a spin-independent elastic scattering cross section
1 The central point of the analysis in Ref. [12] is that CDMS’ zero-
charge events with recoil energies greater than ∼ 6 keV appear
narrowly centered around ionization energies of ' 0.25 keVee,
while the distribution of the lower energy events (∼3-5 keV) is
centered around a higher ionization energy of ' 0.5 keVee. As
the central value of the zero-charge band’s ionization energy is
not expected to vary with recoil energy, it is difficult to interpret
the low-energy events in question as being dominated by the zero-
charge background. The CDMS collaboration is currently in the
progress of performing two similar likelihood analyses, making
use the same data set, and using new low-background data from
SuperCDMS detectors.
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2FIG. 1: Regions of dark matter parameter space favored
by CoGeNT [2], CDMS (silicon) [10], and by Collar and
Fields’ independent analysis of low-energy CDMS (germa-
nium) data [12]. Also shown are the published con-
straints from CDMS [11, 26], XENON10 (S2-only) [28], and
XENON100 [30]. While there is encouraging overlap between
the regions favored by CoGeNT and CDMS, there is a degree
of conflict between a dark matter interpretation of these sig-
nals and the constraints as presented by the XENON100 and
XENON10 collaborations.
of σSI ' (2− 5)× 10−41 cm2. This mass range is also in
good agreement with that favored by gamma-ray signals
reported from the Galactic Center [13–16], and from the
much larger region of the Inner Galaxy [17]. While we
also note that this mass and elastic scattering cross sec-
tion is not very far from the regions of parameter space
favored by the CRESST-II [18] (see also, Ref. [19]) and
DAMA/LIBRA [20] collaborations, we consider these sig-
nals to be more difficult to interpret at this time. In
particular, although the analysis of the CRESST II col-
laboration favors a population of dark matter-like events
over known backgrounds at greater than 4σ significance,
they only attribute 17-38 of the 67 events in their low-
energy nuclear recoil acceptance region to dark matter
recoils. With this modest ratio of signal-to-background,
one could reasonably expect uncertainties in the back-
ground model to significantly impact the preferred re-
gions of dark matter parameter space (see, for exam-
ple, Ref. [21]). We enthusiastically await results from
CRESST’s new run, scheduled to begin later this year,
which is designed to achieve lower rates of alpha and lead
recoil backgrounds. Regarding the annual modulation
observed by DAMA/LIBRA, it appears that this signal
can be reconciled with the null results of other experi-
ments only if the local dark matter velocity distribution
contains a very significant non-isotropic component, such
as that associated with tidal streams [3, 22–25]. In such a
scenario, however, it is non-trivial to translate a modula-
tion signal into a corresponding region of the dark matter
mass-cross section plane, making it difficult to compare
to other signals and constraints.
Also shown in Fig. 1 are the most stringent current con-
straints on the dark matter’s elastic scattering cross sec-
tion in the mass range of interest. The constraints from
the CDMS collaboration [11, 26] are consistent with the
bulk of the parameter space favored by the CoGeNT and
CDMS signals. Until recently, the XENON10 collabora-
tion’s S2-only analysis (which lowers their threshold by
considering events without a scintillation signal) was be-
lieved to yield the most stringent constraint for low-mass
dark matter particles. An error in the derivation of this
limit, however, was recently identified by the authors of
Ref. [27], and has since been corrected by the XENON10
collaboration (see the erratum to Ref. [28]), relaxing the
original constraint by a factor of 4 at 10 GeV. We note
that the derivation of XENON10’s constraint as derived
in by the authors of Ref. [27] is still significantly weaker
than that shown in the erratum of the XENON10 collab-
oration’s paper. In any case, given the large uncertainties
associated with the charge yield of liquid xenon, it is not
at all difficult to imagine that this constraint could be
even weaker than currently presented (see, for example,
Figs. 5 and 6 of Ref. [29]).
In light of the revision of XENON10’s constraint (and
uncertainties associated with the charge yield), the con-
straint from the XENON100 collaboration [30] now ap-
pears to be the only serious obstacle to interpreting the
CoGeNT and CDMS signals as evidence of dark matter.
If we were only trying to reconcile the XENON100 con-
straint with a dark matter interpretation of events on
either silicon or germanium, one could invoke carefully
chosen isospin violating couplings [31, 32]. For example,
if we set the ratio of the dark matter’s couplings to pro-
ton and neutrons to fp/fn ' −0.7, the rates in xenon-
based experiments can be suppressed by more than an
order of magnitude relative to those in germanium [32].
This choice of fp/fn, however, also enhances the scat-
tering rate with silicon by a factor of ∼7-10, destroying
the compatibility of the silicon and germanium signals
shown in Fig. 1. Requiring that the ratio of scattering
rates with silicon and germanium does not change rela-
tive to the standard case (fp/fn = 1) by more than a
factor of ∼3, we find that isospin violation can suppress
the XENON100 constraint, but not by more than a fac-
tor of ∼2-3, which is insufficient to reconcile it with a
dark matter interpretation of the CoGeNT and CDMS
signals.
If the signals observed by CoGeNT and CDMS are in
fact from the elastic scattering of dark matter, it appears
that XENON100’s sensitivity to low-energy nuclear re-
coils must be lower than previously presented. In this
paper, we revisit the results of the XENON100 experi-
ment, focusing on their implications for dark matter par-
ticles in the mass range collectively favored by CoGeNT
and CDMS, mDM '7-10 GeV. We note, as previously
shown in Refs. [33, 34], that XENON100’s two nuclear
recoil candidate events exhibit scintillation and ioniza-
tion signals which are consistent with that predicted to
result from the elastic scattering of low-mass dark mat-
ter particles, but exhibit far less ionization than would be
expected from electronic or neutron background events.
3Under the same assumptions as made by the XENON100
collaboration, however, the cross section required to ac-
count for these two events is two orders of magnitude
lower than that implied by the CoGeNT and CDMS sig-
nals. If we adopt a lower value for the scintillation effi-
ciency of liquid xenon, and account for the possibility of
energy dependence in the suppression of the scintillation
signal resulting from the experiment’s electric field, we
find that it is possible that XENON100’s two events could
have arisen from the same dark matter species responsi-
ble for the excesses observed by CoGeNT and CDMS.
Other factors, such as the details of the treatment of
scintillation fluctuations and uncertainties in the dark
matter velocity distribution, could also help to alleviate
the apparent tension between these experiments.
II. DETECTING LOW-MASS DARK MATTER
WITH XENON100
Two phase liquid xenon dark matter detectors such as
XENON100 measure nuclear recoil events through a com-
bination of scintillation light and ionization. The mean
scintillation signal (in units of photoelectrons, PE) from
a nuclear recoil of energy, Enr, is given by:
S1 = Enr Ly Leff(Enr)
Snr
See
, (1)
where Ly is the light yield in photoelectrons per unit
energy (at the appropriate drift field), and Leff is the
scintillation efficiency of nuclear recoil events in liquid
xenon relative to that of 122 keVee electron recoils (see
Fig. 2). The quantities Snr and See account for the sup-
pression of the scintillation signal resulting from the ex-
periment’s electric field, for nuclear and electronic recoils,
respectively. The XENON100 collaboration takes these
quantities to be Snr =0.95 and See = 0.58, for their drift
field of 0.53 kV/cm, and assumes that they are inde-
pendent of energy (we will return to this assumption in
Sec. IV). XENON100’s light yield at 122 keVee is taken
to be Ly = 2.28 ± 0.04 PE/keVee, based on an inter-
polation of measurements made at 40, 80, 164, and 662
keVee [35, 36].
In addition to scintillation light, the drift field of the
XENON100 experiment allows for the observation of elec-
trons which are ionized as the result of nuclear or elec-
tronic recoils. The mean ionization signal resulting from
a nuclear recoil of energy, Enr, is given by:
S2 = EnrQy(E)Y, (2)
where Qy is the charge yield (the number of free electrons
per unit energy), and Y is the secondary amplification
factor, or the ratio of S2 photoelectrons observed to elec-
trons produced. The XENON100 collaboration quotes a
measurement of Y = 19.5 ± 0.1 photoelectrons per elec-
tron, with fluctuations fit to a Gaussian distribution of
width σY = 6.7 photoelectrons per electron.
FIG. 2: Recent measurements of the liquid xenon’s relative
scintillation efficiency, Leff [37–39]. The solid black curve de-
notes the values adopted by the XENON100 collaboration in
their most recent analysis [34, 40]. The dashed, dotted and
dot-dashed curves are other Leff models that we will consider
in Secs. III and IV.
The basic strategy employed in past dual phase xenon-
based searches has been to use the S1 signal to approx-
imately determine the energy of a given nuclear recoil
event, and then to use the ratio of S2 and S1 signals
to distinguish nuclear recoil events from electron recoil
backgrounds (the ratio of S2 to S1 is significantly larger
for electron recoils than for nuclear recoils). For rel-
atively heavy dark matter particles (>∼ 20 GeV), this
strategy is straightforward. For lighter dark matter par-
ticles, however, a number of subtle and potentially sig-
nificant uncertainties come into play, making robust con-
clusions more difficult to draw. For dark matter parti-
cles with mDM '7-10 GeV, assuming a standard choice
for the velocity distribution (XENON100 derives their
limits assuming a standard Maxwellian distribution with
v0 = 220 km/s and vesc = 544 km/s, and a local den-
sity of 0.3 GeV/cm3), a large majority of nuclear recoils
will impart a few keV or less, corresponding to an aver-
age S1 signal of less than 1 photoelectron. In contrast,
in the analysis producing their most recent constraints,
the XENON100 collaboration imposed a threshold of
S1≥ 3 PE (and S1> 0.3 PE in at least two coincident
photomultiplier tubes). For their assumed velocity dis-
tributions and scintillation efficiency, Leff(Enr) [40] (see
Fig. 2), a 7-10 GeV dark matter particle will produce
no events with S1≥ 3 PE unless fluctuations around the
mean predicted signal are considered. In other words,
all of XENON100’s events from a low-mass dark mat-
ter particle represent significant upward fluctuations in
the S1 signal, well above the mean given in Eq. 1. If
we assume that these fluctuations are simply Poisson-
distributed (as the XENON100 collaboration does), and
include a Gaussian S1 resolution with σ = 0.5
√
S1(PE)
PE [35], a 7 GeV (10 GeV) dark matter particle with an
elastic scattering cross section of σSI = 2× 10−41 cm2 is
predicted to produce ∼0.0055 (0.10) events per kg-day
with S1≥ 3 PE, corresponding to '40 (800) events over
4XENON100’s 224.6 live-days of exposure (for a fiducial
mass of 34 kg, and for the cuts and efficiencies described
in Ref. [34]). In contrast, the XENON100 collaboration
has reported only 2 events that meet these requirements.
In the next section, we will consider these two events
within the context of low-mass dark matter.
III. XENON100’S TWO DARK MATTER
CANDIDATE EVENTS
In the analysis of 224.6 live days of data, the
XENON100 collaboration identified 2 events which meet
their pre-defined requirements for nuclear recoil candi-
dates [30]. Considering the entire nuclear recoil region,
the observation of a pair of events is entirely consistent
with their total estimated background, BGtot = 1.0±0.2.
We will argue, however, that with a closer look at the pre-
dicted distributions of this background, it is not consis-
tent with the characteristics of the two observed events.
The majority of XENON100’s background estimate
consists of electron recoils, BGER = 0.79 ± 0.16. The
2 observed events each exhibit very low ionization-to-
scintillation ratios (S2/S1), however, quite unlike elec-
tron recoil events. More specifically, these 2 events each
fall slightly above XENON100’s S1 threshold (S1' 3− 4
PE), and have an observed ratio of S2 to S1 signals that
is ' 6-8 times lower than the average electron recoil. In
the left frames of Fig. 3 we show the distribution of events
reported by XENON100 in the S2/S2 vs S1 plane (as is
conventional, ∆ log10(S2/S1) denotes the the difference
between the measured value of log10(S2/S1) and the av-
erage value for an electronic recoil with the same S1 [41]).
The dotted line near ∆ log10(S2/S1) = −0.4 denotes the
99.75% electron recoil rejection line [30]. The fact that
the two nuclear recoil candidate events fall so far be-
low this line suggests that they are very unlikely to be
leakage from the electron recoil event population. More
quantitatively, we note that in XENON100’s calibration
data shown in Ref. [35], of the 24 electron recoil events
below the 99.75% electronic recoil rejection line, only 1
falls below ∆ log10 (S2/S1) = −0.7 [35]. Based on this
calibration, we predict that the number of electron recoil
background events below ∆ log10 (S2/S1) = −0.7 should
be only ∼0.03, far too low to account for XENON100’s
2 nuclear recoil candidate events.
The remainder of XENON100’s background estimate
is dominated by neutrons, BGn = 0.17
+0.12
−0.07. From this
estimated rate, the probability of observing 2 or more
events is approximately 3.5%. Neutron backgrounds,
however, exhibit fairly flat spectra, and are thus not pre-
dicted to be concentrated near threshold. The proba-
bility that XENON100’s neutron background would lead
to two events, both within ∼1 photoelectron of their S1
threshold, should be very low. Furthermore, the 2 ob-
served events exhibit far lower values of (S2/S1) than are
found for the vast majority of events in XENON100’s
neutron calibration [35]. Based on the location of the
3σ lower boundary to the neutron distribution shown in
Fig. 12 of Ref. [35], we estimate that background from
neutrons below ∆ log10 (S2/S1) = −0.8 is even lower that
that from electron recoils, ∼0.0005.
In light of the difficulties in explaining these 2 events,
it has been suggested that they might be misidenti-
fied multiple scatter events (also known as “gamma X”
events) [30] . As the second scatter will contribute to the
S1 signal, but not to the S2, such “false single scatters”
exhibit anomalously low values of S2/S1, just as is seen in
XENON100’s 2 nuclear recoil candidates. Electron recoil
calibration data, however, has shown that the fraction
of multiple scatter events misidentified as single scatters
increases with energy [42, 43], inconsistent with the low
energies of the two events in question.
Summarizing the past few paragraphs, each of the pro-
posed backgrounds appears to be unlikely to account for
XENON100’s two nuclear recoil candidate events. With
this in mind, we will next attempt to address whether
dark matter in the parameter space favored by CoGeNT
and CDMS could be responsible for these two events. To
do this, we have written a Monte Carlo which, for a given
dark matter mass, velocity distribution, and choice of
Leff , Q(y), etc., predicts the distribution of events to be
observed by XENON100, in the (S2/S1) vs S1 plane. For
an 8 GeV dark matter particle, and the same set of as-
sumptions (Leff , Qy, Snr, etc.) made by the XENON100
collaboration, we show this distribution in the upper left
frame of Fig. 3. Here, the closed solid contours denote
the regions of the plane in which 50% or 90% of the dark
matter induced events are predicted to fall. Comparing
this result directly to that of the XENON100 collabora-
tion [34], we find good agreement.
As was pointed out in Ref. [33], and confirmed by
the XENON100 collaboration in Ref. [34], low-mass ('7-
10 GeV) dark matter particles are predicted to pro-
duce a distribution of events that is centered around
values of ∆ log10(S2/S1) ' −0.75, well below the cen-
tral value predicted for heavier dark matter particles,
∆ log10(S2/S1) ' −0.4. This is due to S1 fluctuations,
as discussed in Sec. II; for low-mass dark matter parti-
cles, all of the events above XENON100’s threshold are
significant upward fluctuations in S1, and thus those nu-
clear recoils consistently exhibit lower than average ratios
of S2-to-S1. So while XENON100’s 2 recoil candidate
events are near the outer edge of the (S2/S1) range pre-
dicted for heavier particles (the dashed line denotes the
lower 3σ boundary of the nuclear recoil band, applicable
for mDM >∼ 20− 30 GeV), both of these events lie within
the ∼1σ range predicted for a ∼7-10 GeV particle.
But although the (S2/S1)-S1 distribution predicted for
a low-mass dark matter particle is in good agreement
with XENON100’s 2 nuclear recoil candidates, the over-
all number of events is not; at least under the assump-
tions made by the XENON100 collaboration. In par-
ticular, for the values of Leff , Qy, and Snr adopted by
the XENON100 collaboration, we find that for an elastic
scattering cross section of σSI = 2 × 10−41 cm2, 7, 8, or
5FIG. 3: Left frames: The distribution of events as reported by XENON100. The closed contours represent the regions in which
50% and 90% of events from an 8 GeV dark matter particle are predicted to be observed. Right frames: Regions of dark matter
parameter space which can account for the two events observed in XENON100’s signal region (assuming that both events are
produced by dark matter interactions). Lower Frames: As above, but for the low values of Leff as shown as a dashed line in
Fig. 2. See text for details.
10 GeV dark matter particles would be predicted to have
produced 42, 153, or 801 events in XENON100’s last run,
respectively. Thus, under these assumptions, the region
of dark matter parameter space collectively favored by
CoGeNT and CDMS appears to predict far more events
than the 2 that were observed. This can be seen in the
upper right frame of Fig. 3, for which the region that
can account for XENON100’s 2 events favors significantly
lower cross sections than are implied by dark matter in-
terpretations of the CoGeNT and CDMS excesses.
Before dismissing the CoGeNT and CDMS signals,
however, one should keep in mind the considerable chal-
lenges and uncertainties involved in predicting the re-
sponse of XENON100 to very low-energy nuclear recoil
events. Although we will discuss these uncertainties in
more detail in the following section, we will first present
here a simple example of how the results at XENON100
might be reconciled with those of CoGeNT and CDMS.
In particular, motivated by the experimental challenges
involved in measuring liquid xenon’s scintillation effi-
ciency, Leff , and by the significant scatter between differ-
ent groups’ measurements of this quantity, we consider a
lower value for this quantity, as shown as a dashed line
in Fig. 2. This low model for Leff roughly corresponds
to the 1σ lower value of the measurements by the Yale
(Manzur et al.) [38] and ZEPLIN-III (Horn et al.) [39]
groups, but is in significant tension (we estimate roughly
∼4σ) with the measurements reported by members of the
XENON100 collaboration [37].
Throughout this paper, for any given choice of Leff , we
will adopt a model for Qy which predicts the same ratio
of S2-to-S1 for any given value of S1 (neglecting fluctu-
ations) as the original XENON100 model. This choice
insures that our combined choices of Leff , Snr, and Qy
will be consistent with calibration data. Note that in
Fig. 2 we only plot the curve for our low Leff model up
to 10 keVnr because low-mass dark matter particles are
not sensitive to the high energy behavior of Leff . Quan-
titatively, for this choice of Leff and other assumptions,
we find that 90% of XENON100’s events from an 8 GeV
dark matter particle are predicted to result from recoils
in the range of 3.0 to 5.3 keVnr.
In the lower frames of Fig. 3, we show the distribution
of events and favored parameter space regions which re-
sult under the assumption of our low Leff model. The pre-
dicted distribution of events in the (S2/S1) vs S1 plane
changes only modestly, and is still in good agreement
with XENON100’s 2 observed events. The slight shift
6of this region toward lower values of S1 leads to a mild
preference for somewhat higher dark matter masses, how-
ever. In the lower right frame, we see that in addition to
the modest shift toward higher masses, this choice of Leff
has also increased the required cross section quite signifi-
cantly. In particular, the regions of parameter space that
are able to account for XENON100’s two events now over-
lap (at the 90% confidence level) with the those favored
by CoGeNT and CDMS.
This exercise has demonstrated that for a low choice
of Leff (comparable to the dashed line shown in Fig. 2),
the results of XENON100 can be brought into consis-
tency with the region favored by CoGeNT and CDMS.
Furthermore, the two nuclear recoil candidate events re-
ported by XENON100, which appear to be difficult to be
accounted for by known backgrounds, are consistent with
arising from the same dark matter particle implied by
these other experiments. As stated previously, however,
this choice of Leff is in significant tension with the mea-
surement of Ref. [37] (although is consistent with those
of Refs. [38, 39]). Ideally, we would like to find a way
to reconcile XENON100 with CoGeNT and CDMS with-
out resorting to such a low value of this quantity. In the
next section, we discuss Leff in more detail, as well as
uncertainties associated with XENON100’s electric field,
fluctuations in the scintillation signal, and the dark mat-
ter velocity distribution. When factors such as these are
considered together, we find that consistency between the
results of XENON100, CoGeNT and CDMS can be ob-
tained for somewhat higher values of Leff than the “low
model” considered in this section.
IV. UNCERTAINTIES IN XENON100’S
SENSITIVITY TO LOW-MASS DARK MATTER
PARTICLES
In this section, we consider a number of potentially
relevant sources of uncertainty regarding XENON100’s
response to low-energy (∼3-5 keV) nuclear recoils, and
to low-mass dark matter particles. Among others, we
focus on the uncertainties associated with the relative
scintillation efficiency of liquid xenon, and with the en-
ergy dependence of the suppression of the scintillation
signal resulting from XENON100’s electric field.
A. The Relative Scintillation Efficiency, Leff
We begin this section by discussing the measurements
of the relative scintillation efficiency of liquid xenon to
nuclear recoils, Leff . This quantity is defined as the ratio
of the mean S1 signal per nuclear recoil energy, to the
mean S1 signal per electron energy of a 122 electronic
recoil, all at zero electric field:
Leff(Enr) ≡ S1(Enr)/Enr
S1(122 keVee)/122 keVee
. (3)
This quantity is conventionally defined relative to 122
keV electron recoils due to the utility of the gamma-ray
line of that energy emitted by 57Co. While Lindhard
theory appears to be capable of accommodating the ob-
served behavior of Leff [44], and progress has been made
in modeling the response of liquid xenon to nuclear re-
coils (such as the Noble Element Simulation Technique,
NEST) [45], the current state of our theoretical under-
standing does not enable us to make detailed predictions
of this quantity.
A number of groups have performed measurements of
Leff , including the relatively recent measurements de-
scribed in Refs. [37–39] (see Fig. 2). The measurements
by the Columbia group (consisting of members of the
XENON100 Collaboration) [37] and the Yale group [38]
were each conducted using approximately monoenergetic
neutron sources and were carried out in dedicated cali-
bration detectors at zero electric field. In such a setup,
the deflection angle of the neutron is used to measure the
energy of the recoil, which is combined with the measured
scintillation signal to provide a determination of Leff .
These measurements, as shown in Fig. 2, are broadly con-
sistent with each other, although the values presented in
Ref. [38] are somewhat lower than those found by Plante
et al. The ZEPLIN III collaboration’s measurement [39],
which was conducted in situ using the ZEPLIN III de-
tector (at non-zero field), produced values of Leff which
are similar to, but slightly lower than, those presented in
Ref. [38] (and are significantly lower than those presented
in Ref. [37]).2
While the consistency between these three measure-
ments is difficult to rigorously evaluate (in part because
Refs. [37, 39] do not separate their quoted errors into sta-
tistical and systematic components, and because the er-
rors are unlikely to be normally distributed) there seems
to be some degree of tension between the results of these
different groups. In particular, in the energy range of
most interest for low-mass dark matter (Enr ' 3-5 keV),
the results of Refs. [37] and [39] appear to be inconsistent
at roughly the 3σ level, and the values of Leff adopted
by the XENON100 collaboration (and used in calculat-
ing the upper frames of Fig. 3) are not compatible with
the measurements of Ref. [39]. In light of this appar-
ent tension, we think that it is reasonable to consider
the possibility that the errors quoted for at least some of
these measurements may be somewhat underestimated.
With this in mind, we note that it has been argued that
by fitting Leff and their energy resolution independently
of each other, Plante et al. find that their energy resolu-
tion (unphysically) improves in their lowest energy bins,
2 In Fig. 2, we show the result from Fig. 7 of Horn et al. [39],
based on their S2-only event selection determination of Leff . We
have chosen to show this result rather than others presented in
the same paper because of their statement that this technique
reduces uncertainties at low-energies associated with their Monte
Carlo simulation and detection threshold efficiencies.
7FIG. 4: Measurements of Snr as a function of recoil energy, in
the presence of a 0.73 kV/cm field [38] (the closest measured
value to the 0.53 kV/cm field used in XENON100). The hor-
izontal dashed line denotes the energy-independent behavior
assumed by XENON100 (Snr = 0.95). In contrast, the mildly
sloped dashed line provides a slightly better fit to the data.
likely leading to a systematic overestimation of Leff at
low-energies [46, 47]. For the sake of balance, we also
note that arguments have been put forth suggesting that
the measurements of Manzur et al. [38] may systemati-
cally underestimate Leff [48].
B. The Impact of XENON100’s Electric Field
By definition, the quantity Leff denotes the relative
scintillation efficiency of liquid xenon at zero electric field.
The electric fields used to collect and observe the ioniza-
tion signal in dual-phase xenon-based detectors, however,
impact the probability that a given electron will recom-
bine with a xenon molecule, and thus alter the amount of
S1 and S2 signals that result from a nuclear recoil event.
The equation describing the mean S1 signal from a nu-
clear recoil in XENON100 (see Eq. 1) accounts for the
effect of the electric field with the quantities Snr and See,
which represent suppression of the S1 signal by the elec-
tric field for nuclear and electronic recoils, respectively.
XENON100’s light yield, Ly, is also a field dependent
quantity.
The XENON100 collaboration, for their drift field of
0.53 kV/cm, takes these quantities to be Snr = 0.95 and
See = 0.58. These values are based on measurements of
56 keV nuclear recoils, and 122 keV electron recoils, re-
spectively, and are explicitly assumed to be independent
of energy [49]. In the case of See, the actual energy de-
pendence in this quantity is absorbed into the definition
of the light yield, Ly. Any energy dependence in Snr
relative to the value measured at 56 keV, however, will
impact the interpretation of XENON100’s events.
Although there is currently no significant evidence for
an energy dependence of Snr, the related uncertainties
and quoted errors are large [38], leaving open the possibil-
ity that Snr may be smaller than assumed for low-energy
recoils. The LUX Collaboration, for example, consid-
ers it likely that Snr is energy-dependent, and have pro-
jected their sensitivities under the assumption that Snr
is significantly (∼20%) lower at keV-scale energies than
at the higher energies used by XENON100 to estimate
this quantity [47, 50].
In Fig. 4, we show Snr as measured in Ref. [38], for the
case of a 0.73 kV/cm electric field (of the field strengths
considered in Ref. [38], this is the closest to XENON100’s
value of 0.53 kV/cm). The horizontal dashed line repre-
sents the energy-independent value of 0.95 adopted by
the XENON100 collaboration. In contrast, the sloped
dashed line provides a slightly better fit to the data and
is similar to the model favored by the LUX collaboration.
In Fig. 5, we show that by using this choice of Snr, and
a model of Leff near the central values of Horn et al. [39]
(the “Alternative Model”, or dotted line in Fig. 2) or
Manzur et al. [38] (the “Manzur Model”, or dot-dashed
line in Fig. 2), we can find consistency (or near consis-
tency in the case of the Manzur Model) between the re-
sults of XENON100, CoGeNT, and CDMS. Note that, in
contrast to Refs. [37, 38], Horn et al. [39] measured Leff
in the presence of an electric field, and thus have also
implicitly measured the energy dependance of Snr.
Efforts are currently underway to measurements Snr
(and Qy) over a range of electric fields and recoil ener-
gies [51]. Such measurements will be essential to inter-
preting low-energy nuclear recoil events in liquid xenon
detectors.
C. Low-Energy Efficiencies, S1 Fluctuations, and
Other Considerations Near Threshold
As discussed in Sec. II, XENON100’s sensitivity to
dark matter particles lighter than ∼10 GeV is entirely
reliant on the small fraction of the highest energy re-
coil events which produce S1 signals that are well above
the mean value predicted (ie. upward fluctuations from
the mean S1 signal described by Eq. 1). In this respect,
XENON100 can only observe events which are on the tail
of the recoil energy distribution and on the tail of the
distribution of S1 PMT fluctuations. The XENON100
collaboration treats the distribution of their S1 fluctua-
tions as Poissonian. In actuality, such fluctuations are
unlikely to be so simple. For example, the LUX col-
laboration’s Monte Carlo simulation accounts for many
sources of stochastic fluctuations, including those from
light collection, quantum efficiency, recombination, the
Fano factor, excitation vs. ionization channels, dE/dx,
and particle track history, etc [52, 53]. While some of
these variations may be well described by a Poisson dis-
tribution, others are not. If the actual distribution of S1
signals around the mean is less broad than the Poisson
distribution assumed by the XENON100 collaboration,
it could lead them to overestimate their sensitivity to
low-energy nuclear recoils [46]. As a naive example, we
note that by treating these fluctuations as binomially dis-
8FIG. 5: Regions of dark matter parameter space which can account for the two events observed in XENON100’s signal region
(assuming both events are produced by dark matter interactions), using the energy-dependent model for Snr described by the
sloped dashed line in Fig. 4. In the left and right frames, respectively, we have used the Alternative (left) and Manzur (right)
models for Leff (see Fig. 2).
tributed (instead of Poisson), the event rate predicted at
XENON100 can be reduced by up to a factor of roughly
50%. Without a sophisticated Monte Carlo which ac-
counts for these many stochastic processes, we cannot
reliably estimate the impact of any non-Poissonian fluc-
tuations in the S1 signal of low-energy nuclear recoils.
We also remind the reader that the overall efficiencies
of XENON100 are very sensitive to the precise value of
S1 in the range of nuclear recoil energies relevant for low-
mass dark matter particles (see Fig. 1 of Ref. [34]). Even
very small changes in the efficiency curve could signif-
icantly alter the rate of nuclear recoil events predicted
from low-mass dark matter particles.
D. The Dark Matter Velocity Distribution
So far, we have restricted ourselves to discussing un-
certainties involved with the response of the XENON100
detector itself. Variations in the assumptions regarding
the velocity distribution of the dark matter [54–57] or its
interactions [27, 32] could also help to reconcile their con-
straint with the signals reported by CoGeNT and CDMS.
In this subsection, we consider the former of these possi-
bilities.
As is conventional, the XENON100 collaboration has
adopted a maxwellian velocity distribution for the dark
matter, with a local circular velocity of v0 = 220 km/s
and a galactic escape velocity of vesc = 544 km/s [58].
The precise value of the escape velocity can be impor-
tant when considering direct detection signals appearing
very near experimental thresholds. In particular, we find
that for an 8 GeV dark matter particle, and our low
Leff model, lowering vesc from 544 km/s to 500 km/s
(450 km/s) reduces the overall event rate predicted for
XENON100 by a factor of 1.55 (3.3). In contrast, Co-
GeNT’s signal extends well above their energy threshold,
making their signal less sensitive to the escape velocity
assumed. In Fig. 6, we show the impact of this parame-
ter on the favored dark matter parameter space. A low
value of the escape velocity can mildly help to reconcile
XENON100 with CoGeNT and CDMS. We also direct
the reader to Ref. [54], which considers a range of cos-
mologically motivated dark matter velocity distribution
models, demonstrating that the tension between the re-
sults of XENON100 and CDMS can be significantly re-
duced relative to that found in the case of a standard
Maxwellian distribution.
V. PREDICTIONS FOR LUX
In this paper, we have argued that there are sufficient
uncertainties in the details of XENON100’s response to
low-energy (∼3-5 keV) nuclear recoils that it is possi-
ble that the results of their analysis of 224.6 live days of
data may be consistent with the regions of dark matter
parameter space favored by CoGeNT and CDMS. Fur-
thermore, we have argued that the two nuclear recoil
events reported by XENON100 are not easily accounted
for with published backgrounds, but exhibit the charac-
teristics (S1 and S2/S1) predicted for a dark matter par-
ticle in the mass range favored by CoGeNT and CDMS.
If these two events arise from the same dark matter par-
ticle being observed by CoGeNT and CDMS, then the
upcoming LUX experiment [59] should detect a signifi-
cant excess of low-energy nuclear recoil events (as should
XENON1T).
For the purposes of detecting low-mass dark matter
particles, the LUX experiment improves on XENON100
in two important respects. Firstly, their fiducial mass
of 100 kg is a factor of almost three time larger than
XENON100’s. Even more important in the case of low-
mass particles is LUX’s much higher light yield (Ly),
which has been measured to be at least 2, or perhaps
3, times as high as XENON100’s [60, 61]. For dark mat-
9FIG. 6: As in Fig. 5, but for two choices of the Galactic escape velocity, vesc. We thank Julien Billard of the CDMS Collaboration
and Nicole Fields of CoGeNT, for providing the CDMS and CoGeNT contours for vesc = 450 km/s.
ter particles with a mass very close to XENON100’s S1
threshold (∼7-10 GeV), we find that increasing the light
yield by a factor of 2 (3) enhances the rate of events with
S1≥ 3 PE by a factor of '4 ('7-9). For heavier particles,
the impact of the light yield on the event rate is much
more modest. Accounting for LUX’s larger target mass
and greater light yield, we predict that a 7-10 GeV dark
matter particle that produces an expectation value of 2
events over 224.6 days at XENON100 will generate an
average of 3.1-7.6 events per month at LUX (assuming
similar cuts and efficiencies for LUX as for XENON100).
Combining this with the 90% Poisson uncertainty on the
underlying rate implied by XENON100’s two events, and
with the rates observed by CoGeNT and CDMS, we pre-
dict that if XENON100’s two events are from the same
7-10 GeV dark matter particles responsible for the Co-
GeNT and CDMS signals, then LUX should observe be-
tween 3 and 24 events per month. LUX should be sensi-
tive even to the low end of this predicted range.
We note that the projected sensitivity to low-mass dark
matter particles as presented by the LUX collaboration
has been quite conservative, in large part motivated by
many of the same considerations discussed in this paper.
For example, in Fig. 12 of Ref. [61], the LUX collabora-
tion claims no sensitivity to dark matter particles lighter
than 7 GeV (8 GeV) for what they describe as realistic
(very conservative) assumptions pertaining to their light
collection (an S2-only analysis of LUX data would be
sensitive to lower masses, however). Comparing this to
the constraints quoted by the XENON100 collaboration,
this illustrates the very significant role that uncertainties
(such as those regarding Leff and Snr) presently play in
the interpretation of low-energy data from xenon-based
experiments.
VI. SUMMARY AND CONCLUSIONS
Although the excesses of low-energy events observed
by CoGeNT and CDMS can be interpreted as evidence
for low-mass (mDM ' 7-10 GeV) dark matter particles,
such a scenario appears to be inconsistent with the con-
straints published by the XENON100 collaboration. In
this paper, we have revisited this constraint and discussed
a number of uncertainties that could potentially help to
reconcile it with the CoGeNT and CDMS signals. In
particular, we have discussed uncertainties related to:
• The relative scintillation efficiency of liquid xenon,
Leff .
• Energy-dependance in the suppression of the scin-
tillation signal resulting from XENON100’s electric
field, Snr.
• Non-Poissonian fluctuations of the scintillation sig-
nal around the mean, and other factors which may
impact the near-threshold efficiency of XENON100.
• The dark matter’s velocity distribution, and in par-
ticular the escape velocity of the galaxy.
Taken together, we find plausible scenarios in which
the results of XENON100 could be consistent with a
dark matter interpretation of CoGeNT and CDMS. We
also point out that while the two nuclear recoil candi-
date events observed by XENON100 each exhibit ion-
ization and scintillation signals consistent with resulting
from 7-10 GeV dark matter particles, these events each
produced too little ionization to be likely attributable
to either electronic or neutron backgrounds. In particu-
lar, based on XENON100’s calibration data, we estimate
that they should have observed only ∼ 0.03 background
events with so little relative ionization. Although it is
difficult to entirely rule out other backgrounds, the char-
acteristics of these two events are quite suggestive of a
low-mass dark matter interpretation.
We do not feel that the conclusions reached in this pa-
per are in radical departure from those presented by the
XENON100 collaboration. While their estimated event
rate from an 8 GeV dark matter particle with an elastic
scattering cross section of σSI = 2×10−41 is 180+220−53.3 [34],
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and well above the 2 events observed, they also state that
the errors in this estimated rate are dominated by sys-
tematics, such as those associated with Left and Qy. If
the relevant systematic errors (including also those as-
sociated with the energy dependance of Snr) are even
modestly larger than estimated by the XENON100 col-
laboration, there could plausibly exist a low-mass region
of parameter space in which the results of XENON100
are consistent with the signals reported by CoGeNT and
CDMS.
Acknowledgements
We would like to thank Matthew Szydagis, Eric Dahl,
Nicole Fields, Lauren Hsu, Rafael Lang, Dan McKinsey,
Peter Sorensen, Andrew Sonnenschein, and Juan Col-
lar for helpful discussions. We would also like to thank
the XENON100, CoGeNT and CDMS collaborations for
providing many of the parameter regions and data points
shown in the figures throughout this paper. This work
has been supported by the US Department of Energy.
Bibliography
[1] C. E. Aalseth et al. [CoGeNT Collaboration], Phys.
Rev. Lett. 106, 131301 (2011) [arXiv:1002.4703 [astro-
ph.CO]].
[2] C. E. Aalseth et al. [CoGeNT Collaboration],
arXiv:1208.5737 [astro-ph.CO].
[3] C. Kelso, D. Hooper and M. R. Buckley, Phys. Rev. D
85, 043515 (2012) [arXiv:1110.5338 [astro-ph.CO]].
[4] C. E. Aalseth, P. S. Barbeau, J. Colaresi, J. I. Collar,
J. Diaz Leon, J. E. Fast, N. Fields and T. W. Hossbach et
al., Phys. Rev. Lett. 107, 141301 (2011) [arXiv:1106.0650
[astro-ph.CO]].
[5] D. Hooper and C. Kelso, Phys. Rev. D 84, 083001 (2011)
[arXiv:1106.1066 [hep-ph]].
[6] P. J. Fox, J. Kopp, M. Lisanti and N. Weiner, Phys. Rev.
D 85, 036008 (2012) [arXiv:1107.0717 [hep-ph]].
[7] M. Farina, D. Pappadopulo, A. Strumia and T. Volansky,
JCAP 1111, 010 (2011) [arXiv:1107.0715 [hep-ph]].
[8] T. Schwetz and J. Zupan, JCAP 1108, 008 (2011)
[arXiv:1106.6241 [hep-ph]].
[9] C. Arina, J. Hamann, R. Trotta and Y. Y. Y. Wong,
JCAP 1203, 008 (2012) [arXiv:1111.3238 [hep-ph]].
[10] R. Agnese et al. [CDMS Collaboration], [arXiv:1304.4279
[hep-ex]].
[11] Z. Ahmed et al. [CDMS-II Collaboration], Phys.
Rev. Lett. 106, 131302 (2011) [arXiv:1011.2482 [astro-
ph.CO]].
[12] J. I. Collar and N. E. Fields, arXiv:1204.3559 [astro-
ph.CO].
[13] D. Hooper and T. Linden, Phys. Rev. D 84, 123005
(2011) [arXiv:1110.0006 [astro-ph.HE]].
[14] D. Hooper, L. Goodenough, [arXiv:1010.2752 [hep-ph]].
[15] L. Goodenough and D. Hooper, arXiv:0910.2998 [hep-
ph].
[16] K. N. Abazajian and M. Kaplinghat, Phys. Rev. D 86,
083511 (2012) [arXiv:1207.6047 [astro-ph.HE]].
[17] D. Hooper and T. R. Slatyer, arXiv:1302.6589 [astro-
ph.HE].
[18] G. Angloher, M. Bauer, I. Bavykina, A. Bento, C. Bucci,
C. Ciemniak, G. Deuter and F. von Feilitzsch et al.,
Eur. Phys. J. C 72, 1971 (2012) [arXiv:1109.0702 [astro-
ph.CO]].
[19] J. Kopp, T. Schwetz and J. Zupan, JCAP 1203, 001
(2012) [arXiv:1110.2721 [hep-ph]].
[20] R. Bernabei, P. Belli, F. Cappella et al., Eur. Phys. J.
C67, 39-49 (2010). [arXiv:1002.1028 [astro-ph.GA]].
[21] M. Kuzniak, M. G. Boulay and T. Pollmann, Astropart.
Phys. 36, 77 (2012) [arXiv:1203.1576 [astro-ph.IM]].
[22] C. W. Purcell, A. R. Zentner and M. -Y. Wang, JCAP
1208, 027 (2012) [arXiv:1203.6617 [astro-ph.GA]].
[23] C. Savage, G. Gelmini, P. Gondolo and K. Freese, JCAP
0904, 010 (2009) [arXiv:0808.3607 [astro-ph]].
[24] C. Savage, K. Freese, P. Gondolo, Phys. Rev. D74,
043531 (2006). [astro-ph/0607121].
[25] K. Freese, M. Lisanti and C. Savage, arXiv:1209.3339
[astro-ph.CO].
[26] Z. Ahmed et al. [The CDMS-II Collaboration], Science
327, 1619-1621 (2010) [arXiv:0912.3592 [astro-ph.CO]].
[27] M. T. Frandsen, F. Kahlhoefer, C. McCabe, S. Sarkar
and K. Schmidt-Hoberg, arXiv:1304.6066 [hep-ph].
[28] J. Angle et al. [XENON10 Collaboration], Phys.
Rev. Lett. 107, 051301 (2011) [arXiv:1104.3088 [astro-
ph.CO]].
[29] F. Bezrukov, F. Kahlhoefer, M. Lindner, F. Kahlhoe-
fer and M. Lindner, Astropart. Phys. 35, 119 (2011)
[arXiv:1011.3990 [astro-ph.IM]].
[30] E. Aprile et al. [XENON100 Collaboration], Phys.
Rev. Lett. 109, 181301 (2012) [arXiv:1207.5988 [astro-
ph.CO]].
[31] A. L. Fitzpatrick, D. Hooper, K. M. Zurek, Phys. Rev.
D81, 115005 (2010). [arXiv:1003.0014 [hep-ph]].
[32] J. L. Feng, J. Kumar, D. Marfatia and D. Sanford, Phys.
Lett. B 703, 124 (2011) [arXiv:1102.4331 [hep-ph]].
[33] P. Sorensen, Phys. Rev. D 86, 101301 (2012)
[arXiv:1208.5046 [astro-ph.CO]].
[34] E. Aprile et al. [XENON100 Collaboration],
arXiv:1304.1427 [astro-ph.IM].
[35] E. Aprile et al. [XENON100 Collaboration],
arXiv:1207.3458 [astro-ph.IM].
[36] E. Aprile et al. [XENON100 Collaboration], Astropart.
Phys. 35, 573 (2012) [arXiv:1107.2155 [astro-ph.IM]].
[37] G. Plante, E. Aprile, R. Budnik, B. Choi, K. L. Giboni,
L. W. Goetzke, R. F. Lang and K. E. Lim et al., Phys.
Rev. C 84, 045805 (2011) [arXiv:1104.2587 [nucl-ex]].
[38] A. Manzur, A. Curioni, L. Kastens, D. N. McKinsey,
K. Ni and T. Wongjirad, Phys. Rev. C 81, 025808 (2010)
[arXiv:0909.1063 [physics.ins-det]].
[39] M. Horn, V. A. Belov, D. Y. .Akimov, H. M. Araujo,
E. J. Barnes, A. A. Burenkov, V. Chepel and A. Currie
et al., Phys. Lett. B 705, 471 (2011) [arXiv:1106.0694
[physics.ins-det]].
[40] E. Aprile et al. [XENON100 Collaboration], Phys.
Rev. Lett. 107, 131302 (2011) [arXiv:1104.2549 [astro-
ph.CO]].
[41] E. Aprile et al. [XENON100 Collaboration],
[arXiv:1005.0380 [astro-ph.CO]].
[42] J. Angle et al. [XENON10 Collaboration], Phys. Rev. D
80, 115005 (2009) [arXiv:0910.3698 [astro-ph.CO]].
BIBLIOGRAPHY 11
[43] P. Sorensen, University of Michigan Workshop on Light
Dark Matter, Apr. 15-17, 2013.
[44] P. Sorensen and C. E. Dahl, Phys. Rev. D 83, 063501
(2011) [arXiv:1101.6080 [astro-ph.IM]].
[45] M. Szydagis, N. Barry, K. Kazkaz, J. Mock, D. Stolp,
M. Sweany, M. Tripathi and S. Uvarov et al., JINST 6,
P10002 (2011) [arXiv:1106.1613 [physics.ins-det]].
[46] J. I. Collar, arXiv:1106.0653 [astro-ph.CO].
[47] Dan McKinsey, private communications.
[48] A. Manalaysay, arXiv:1007.3746 [astro-ph.IM].
[49] E. Aprile, C. E. Dahl, L. DeViveiros, R. Gaitskell,
K. L. Giboni, J. Kwong, P. Majewski and K. Ni et al.,
Phys. Rev. Lett. 97, 081302 (2006) [astro-ph/0601552].
[50] See the talk by Matthew Szydagis at the Identifica-
tion of Dark Matter (IDM) Workshop, July 23-27, 2012,
Chicago.
[51] See talks by Guillaume Plante and Aaron Manalaysay at
LIght Detection In Noble Elements (LIDINE) Workshop,
May 29-31, 2013, Fermi National Accelerator Laboratory.
[52] Matthew Szydagis, seminar, Lawrence Livermore Na-
tional Laboratory.
[53] Matthew Szydagis, private communications.
[54] Y. -Y. Mao, L. E. Strigari and R. H. Wechsler,
arXiv:1304.6401 [astro-ph.CO].
[55] M. Lisanti, L. E. Strigari, J. G. Wacker and R. H. Wech-
sler, Phys. Rev. D 83, 023519 (2011) [arXiv:1010.4300
[astro-ph.CO]].
[56] A. M. Green, JCAP 1010, 034 (2010) [arXiv:1009.0916
[astro-ph.CO]];
[57] C. McCabe, Phys. Rev. D 82, 023530 (2010)
[arXiv:1005.0579 [hep-ph]];
[58] M. C. Smith et al., Mon. Not. Roy. Astron. Soc. 379, 755
(2007) [arXiv:astro-ph/0611671];
[59] D. S. Akerib et al. [LUX Collaboration], Nucl. Instrum.
Meth. A 704, 111 (2013) [arXiv:1211.3788 [physics.ins-
det]].
[60] S. Fiorucci [LUX Collaboration], arXiv:1301.6942 [astro-
ph.IM].
[61] D. S. Akerib et al. [LUX Collaboration], Astropart. Phys.
45, 34 (2013) [arXiv:1210.4569 [astro-ph.IM]].
